Abstract -Vascular aging fundamentally contributes to large and small vessel disease. Despite the importance of such changes for brain function, mechanisms that mediate such changes are poorly defined. We explored mechanisms that underlie changes with age, testing the hypothesis that ROCK (Rho kinase) plays an important role. In C57BL/6 mice, baseline diameters of isolated pressurized parenchymal arterioles were similar in adult (4-5 month) and old mice (22±1 month; ≈15±1 µm). Endothelium-dependent dilation was impaired in old mice compared with adults in a pathwayspecific manner. Vasodilation to NS-309 (which activates small-and intermediate-conductance Ca 2+ activated K + channels in endothelial cells) was intact while endothelial nitric oxide synthase-mediated vasodilation was reduced by ≥60%, depending on the concentration (P<0.05). A similar reduction was present in basilar arteries. Inhibiting both ROCK isoforms with Y-27632 restored the majority of endothelial function in old mice. Because genetic background is a determinant of vascular disease, we performed similar studies using FVB/N mice. Endothelial dysfunction was seen with aging in both FVB/N and C57BL/6 mice although the magnitude was increased ≈2-fold in the latter strain (P<0.05). In both strains of mice, age-induced endothelial dysfunction was reversed by inhibition of ROCK2 with SLX-2119. Thus, aging impairs endothelial function in both cerebral arteries and parenchymal arterioles, predominantly via effects on endothelial nitric oxide synthase-dependent regulation of vascular tone. at the role of ROCK (Rho kinase) and its ROCK2 isoform on age-induced dysfunction. We found that aging impaired endothelial function in cerebral arteries and parenchymal arterioles via effects on select pathways. The magnitude of change, but not the underlying mechanism, varied with genetic background. These studies also provide the first evidence that ROCK2 is a key contributor to vascular dysfunction with aging.
B oth large and small vessel diseases contribute to strokes (ischemic and hemorrhagic), cognitive deficits, and other forms of neurological dysfunction. Most of these diseases have an aging component. Despite such relationships, relatively little is known about the biology that underlies vascular aging in brain. Therapeutically, our ability to slow or reverse the progression of vascular aging is limited because of poor understanding of mechanisms that control these processes.
Major mechanisms that contribute to regulation of cerebral blood flow (CBF) are impaired with aging. Effects of this impairment (along with other vascular alterations) include chronic reductions in CBF (hypoperfusion) that progress with age. [1] [2] [3] This includes endothelium-dependent mechanisms, neurovascular coupling, and autoregulation. [2] [3] [4] In addition to its impact on CBF, loss of endothelial health contributes to other aspects of vascular disease, including loss of collateral vessels, platelet activation, atherosclerosis, accumulation of β-amyloid, and tauopathy. [4] [5] [6] A common feature of vascular disease is loss of protective effects of nitric oxide (NO) produced by the endothelial isoform of NO synthase (eNOS). 5, 7 The impact of such a loss is highlighted by the finding that endothelial dysfunction is an independent determinant of vascular events, including stroke. 8, 9 Based on this background, the present study had several goals. First, we examined effects of aging on parenchymal arterioles. Although a key target of small vessel disease, little is known about specific changes that occur in this segment of the circulation with age or disease. 4 We examined effects of aging on 2 endothelium-dependent pathways (eNOS-dependent and eNOS-independent) as well as myogenic tone. Second, we compared parenchymal arterioles to the basilar artery. Third, because genetic background can impact vascular disease, 10, 11 we used mice on 2 defined backgrounds. Last, to further explore mechanisms that might be involved in vascular aging, we looked at the role of ROCK (Rho kinase) and its ROCK2 isoform on age-induced dysfunction. We found that aging impaired endothelial function in cerebral arteries and parenchymal arterioles via effects on select pathways. The magnitude of change, but not the underlying mechanism, varied with genetic background. These studies also provide the first evidence that ROCK2 is a key contributor to vascular dysfunction with aging.
Materials and Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Experimental Animals
Protocols were approved by the University of Iowa and the University of Vermont Animal Care and Use Committees. We studied C57BL/6 and FVB/N mice fed standard chow and water ad libitum. Care and use of mice met the standards set by the National Institutes of Health for experimental animals. Details on the experimental procedures are presented in the online-only Date Supplement. Briefly, 2 segments of the vasculature were examined, looking at effects of aging, the role of ROCK, and the impact of genetic background.
Statistical Analysis
All data are expressed as means±SE. Responses in parenchymal arterioles were expressed as percent change. Responses in basilar arteries were expressed as percent dilation (% of maximum), with 100% representing the difference between the resting value under basal conditions and the constricted value with U46619. Comparisons were made using a t test or 2-way ANOVA followed by Bonferroni post hoc test as appropriate. Statistical significance was accepted at P<0.05.
Results

Effects of Aging on Parenchymal Arterioles
In C57BL/6 mice, baseline diameter of isolated parenchymal arterioles with active tone were similar in adult (4-5 months of age) and old mice (22±1 month; 14.7±0.9 and 15.1±1.1 µm in adult and old mice, respectively; P>0.05; Figure 1 ). Passive diameter in the same arterioles was 26.2±1.1 and 25.2±1.6 µm, respectively (Figure 1 ). Myogenic tone was 44±2% in adult mice and was reduced by 11.4% in arterioles from old mice (P<0.05; Figure 1) .
To determine the mediator of acetylcholine responses in parenchymal arterioles, we tested the role of NO using N -activated K + channels in endothelial cells. 13, 14 The majority of the dilation of parenchymal arterioles to NS-309 was prevented by the combination of TRAM-34 (10 µmol/L) and UCL-1684 (0.1 µmol/L), intermediate-and small-conductance Ca 2+ -activated K + channel blockers, respectively ( Figure S2A and S2B).
Because we did not observe any significant sex-dependent differences in dilation to acetylcholine or NS-309, responses from aged male and female mice were combined into 1 group. With aging, dilation of parenchymal arterioles to acetylcholine was reduced substantially, by ≥60% depending on the concentration ( Figure 1 ). In contrast, vasodilation to NS-309 was not significantly affected ( Figure 1 ). Arterioles dilated fully to the endothelium-independent agonists nitroprusside ( Figure 1 ) and papaverine ( Figure S3 ). We found previously that 0.1% dimethyl sulfoxide (the concentration present in 1 µmol/L NS-309) only reduces tone in parenchymal arterioles by ≈9%. ( Figure 2 ). In examining mechanisms that might produce such effects, we tested the role of ROCK using Y-27632, an inhibitor of both ROCK1 and ROCK2.
14 Acute treatment with Y-27632 (3 µmol/L) restored almost two thirds of the vasodilator response to acetycholine in old C57BL/6 mice ( Figure 2 ).
Dilator responses of the basilar and middle cerebral arteries to acetylcholine are mediated by eNOS-derived NO. 15, 16 Because ROCK exerts inhibitory effects on eNOS activity, 14, 17 we determined whether improved vasodilation to acetylcholine in arteries treated with Y-27632 was mediated by NO. In the presence of Y-27632 and N G -nitrol-arginine, dilation of arteries from old mice to acetycholine was essentially abolished (Figure 2 ), suggesting that protective effects of Y-27632 involved restoration of NO-dependent signaling. These results are consistent with the concept that in the basilar artery, NO-independent mechanisms do not play much of a role in relation to acetylcholine-induced vasodilation.
Role of ROCK2 and the Impact of Genetic Background
Both isoforms of ROCK are expressed in cerebral blood vessels, 18 but surprisingly, little is known about the relative contribution of each isoform.
14 Thus, we tested the hypothesis that the ROCK2 isoform was involved in age-induced endothelial dysfunction. Because genetic background is a determinant of vascular function and may influence changes with aging, we performed the next series of studies using C57BL/6 and FVB/N mice, studying each strain at similar ages.
Baseline diameter of the basilar artery in adults was larger in FVB/N mice compared with C57BL/6 mice (by 18%; P<0.05; Figures 3 and 4) . With age, baseline diameter tended to increase in both strains, but these differences were not significant (Figures 3 and 4 ; P>0.05 versus adult). Baseline diameter was larger in old FVB/N compared with old C57BL/6 mice (by 12%; P<0.05). Based on 2-way ANOVA, the dose-response curve to acetycholine was not different in adult C57BL/6 versus adult FVB/N mice ( Figure 5 ). In contrast, vasodilation to acetylcholine (1-100 µmol/L) was less in old C57BL/6 mice compared with old FVB/N ( Figure 5 ). This difference was selective because we observed full vasodilation to papaverine in both strains ( Figures 3 and 4) . Thus, aging reduced responses to acetylcholine in both strains, but the magnitude of reduction was greater in C57BL/6 mice. Despite this difference, SLX-2119 restored responses to acetylcholine in both stains of aged mice (Figures 3 and 4) . SLX-2119 tended to increase vasodilator responses to acetylcholine in adult mice, but these effects were not statistically significant (Figures 3 and  4 ; P>0.05).
Discussion
There are several new findings in this study. First, brain parenchymal arterioles developed robust myogenic tone when pressured, results that are consistent with previous work in mouse, rat, and human. [12] [13] [14] 19 Although aging was associated with a moderate reduction in myogenic tone, the mechanism that accounts for this change is unclear. Second, endothelium-dependent dilation in parenchymal arterioles was impaired with aging but in an agonistspecific manner. Vasodilation to NS-309 was relatively intact while eNOS-mediated responses were substantially reduced. Third, similar to effects in parenchymal arterioles, aging produced endothelial dysfunction in a cerebral artery in both C57BL/6 and FVB/N mice. The magnitude of effect was greater in the C57BL/6 strain, revealing an influence of genetic background on cerebrovascular aging. Fourth, ROCK (specifically ROCK2) played a major role in ageinduced endothelial dysfunction in both strains of mice. Conceptually, the results are important because in addition to providing new insight into effects of aging and underlying mechanisms in large and small vessels, they provide evidence some fundamental changes during aging are not fixed and may be reversed if the appropriate pathway is targeted.
Endothelial Function in the Aging Brain
Endothelial dysfunction that worsens as aging progresses occurs in cerebral arteries in humans and animal models. 16, [20] [21] [22] Similarly, impaired endothelium-dependent responses occur in arterioles on the brain surface (pial arterioles).
23,24
Measurements of local CBF 25, 26 suggest impairment of endothelial function extends deeper into the cortex. The results of the present study using pressurized parenchymal arterioles provide direct evidence in this regard.
We did not measure blood pressure in the current study. Previous studies found that blood pressure was not significantly altered in aged animals [23] [24] [25] 27 ,28 while 1 study reported it was elevated modestly (≈10 mm Hg). 29 Thus, it seems unlikely that changes in blood pressure made much of a contribution to endothelial dysfunction in the present study.
We detected a small reduction in responses to KCl and papaverine in the basilar artery with aging. Although these differences were not statistically significant, we cannot exclude the possibility that changes in vascular mechanics contributed to this trend. Previous studies have described increased stiffness of cerebral arteries with aging. 28, 29 Related to this point, parenchymal arterioles in old mice exhibited marked reductions in responses to acetylcholine but not papaverine. In mice, increased wall stiffness in cerebral arteries, but not parenchymal arterioles, was found with aging. 29 Thus, substantial impairment of select vasodilator responses can occur with aging in the absence of a change in vascular distensibility.
Mechanisms of Vascular Aging
Although limited in number, some studies have examined mechanisms that contribute to cerebrovascular abnormalities with aging. In large arteries, mechanisms that have been implicated include angiotensin II, oxidative stress (NADPH oxidase and the p66 Shc adaptor protein), and poly-ADP-ribose polymerase. 16, [21] [22] [23] Studies of pial arterioles and measurements of CBF suggest similar mechanisms contribute in the microcirculation. 23, 25 A role for cyclooxygenase in microvascular dysfunction during aging has also been tested, with negative results.
24
Pathway-Specific Effects
The impact of aging on function of parenchymal arterioles has received little study. In pial and parenchymal microvessels, changes in structure and permeability have been described. [28] [29] [30] Consistent with our findings, Diaz-Otero et al 29 found no change in passive diameter of brain parenchymal arterioles with aging. We now provide the first data related to age-induced changes in vascular function in pressurized parenchymal arterioles. Because mechanisms of endothelium-dependent dilation in parenchymal arterioles have unique features, 19 it was difficult to predict whether changes would be similar to those in larger arteries upstream. 16, [21] [22] [23] [24] The finding that an eNOS-dependent response (acetylcholine-induced vasodilation) is substantially reduced with aging in parenchymal arterioles is consistent with data for larger arterioles and arteries. The finding that responses to NS-309 were largely preserved in parenchymal arterioles is interesting. Such results imply that despite reduced eNOSdependent responses, the vasodilator pathway activated by NS-309 remains intact and thus might serve as a therapeutic target during aging, a condition in which chronic hypoperfusion is common and thought to contribute to changes in cognition. 1, 2, 31 A limitation of the present study was that changes in membrane potential of endothelial cells were not measured directly in pressurized parenchymal arterioles. To our knowledge, only 1 previous study looked at agerelated effects on function of brain parenchymal arterioles. Using electric field stimulation of brain slices to model neurovascular coupling, 32 smaller increases in diameter of parenchymal arterioles occurred in old compared with adult mice. Mechanisms that contributed to these changes were not evaluated.
A limitation of the brain slice model is that vessels are not studied at constant pressure (or constant flow) or at optimal tension. A potential issue when studying isolated pressurized parenchymal arterioles relates to removal of vessels from the brain and possible interactions with perivascular cells. However, the current finding of endothelial dysfunction with aging is consistent with studies of pial arterioles in vivo and measurements of local CBF. [23] [24] [25] [26] Thus, the study of isolated parenchymal arterioles can be a good predictor of what occurs in vivo.
ROCK and Vascular Aging
In combination with RhoA, ROCK exerts effects in the vasculature, including effects on vessel tone. 17 Within endothelial cells, ROCK inhibits activity of eNOS, 17 an effect that would contribute to the progression of vascular disease. Although ROCK has been implicated in vascular disease, 14, 17 there has been little attention to the possibility it contributes to changes with aging. ROCK promotes a senescent phenotype in cultured endothelium 33 while ROCK1 contributed to increased permeability in a model of aging, also based on cultured cells. 34 Oxidative stress is a feature of vascular aging. 2, 16, 21, 23, 25 In this context, interactions between RhoA/ROCK and reactive oxygen species have been described. 17, 35 In many, but not all studies, angiotensin II activates ROCK. 9, 14, 36 Thus, angiotensin II and oxidative stress may activate ROCK during aging. In addition, ROCK has inhibitory effects on eNOS, and loss of eNOS-derived NO may promote further reactive oxygen species generation. Related to effects on eNOS, the NO component of endothelial function is progressively reduced with aging. 16, 21, 26 The finding that inhibition of ROCK with Y-27632 substantially improved NO-mediated dilation in arteries from old mice is consistent with such a mechanism. Considering the lack of data in this area, it was difficult to predict which isoform of ROCK might be involved, but our data suggest that ROCK2 plays a major role. ROCK2 also contributes to endothelial abnormalities in a model of angiotensin II-induced vascular disease.
14 Thus, ROCK2 may be a common underlying mechanism that affects endothelial cells in the face of major risk factors for vascular disease.
Impact of Genetic Background on Vascular Changes With Aging
Genetic background influences major aspects of vascular biology. 10, 37, 38 A limitation of most preclinical studies is that key observations are based solely on data from a single experimental strain. 10, 39 Thus, an important issue that is often left unanswered is whether findings obtained are unique to a specific genetic background.
To enhance the current study, we performed studies using mice on 2 different genetic backgrounds. Because they are perhaps the most commonly used strain in cardiovascular and stroke related research, we used C57BL/6 mice. To determine whether findings were unique to C57BL/6, we repeated some key experiments in FVB/N mice. FVB/N mice are much less susceptible to development of atherosclerosis compared with C57BL/6 mice, 11 with differences in quantitative trait loci and lipid profiles. The severity of stroke and the subsequent immune response also differ between the strains. 40 Considering these features, we felt a comparison of effects of aging on endothelial function in the 2 strains would be of interest. Responses of basilar arteries to acetylcholine were similar in adult C57BL/6 and FVB/N mice. However, although aging produced endothelial dysfunction in both strains, the effects were greater in magnitude in C57BL/6 mice. Despite this difference, the underlying mechanism was similar because inhibition of ROCK2 restored endothelial function in both strains of mice.
Conclusions and Perspective
The basic biology of vascular aging has been greatly understudied relative to its clinical impact. When small vessel disease is taken into consideration, this gap becomes even greater. The present study provides new mechanistic insight into this area and supports several concepts. First, age-induced endothelial dysfunction was present in cerebral arteries and small parenchymal arterioles. In both segments, eNOS-dependent responses were affected and may contribute to chronic reductions in CBF seen in aged humans and mice. 1, 9, 31, 41 In addition to effects on vascular tone, eNOS deficiency (combined with aging) produces platelet dysfunction, infarction, and cognitive deficits. 42 Second, in parenchymal arterioles, responses to NS-309 were intact, suggesting that an endothelium-dependent hyperpolarization mechanism was present and functional despite aging. Third, ROCK2 was implicated as an important contributor to vascular abnormalities, a potentially significant finding considering activity of ROCK has been positively associated with vascular events including stroke. 43 Last, genetic background influences the magnitude of age-induced endothelial changes. 
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